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The resonant tunneling model is the simplest model for describing electronic trans-
port through nanoscale objects like individual molecules. A complete understanding
includes not only charge transport but also thermal transport and their intricate inter-
play. Key linear response observables are the electrical conductance G and the Seebeck
coefficient S. Here we present experiments on unspecified resonant tunnel junctions
and molecular junctions that uncover correlations between G and S, in particular rigid
boundaries for S(G). We find that these correlations can be consistently understood
by the single-level resonant tunneling model, with excellent match to experiments. In
this framework, measuring I(V ) and S for a given junction provides access to the full
thermoelectric characterization of the electronic system. A remarkable result is that
without targeted chemical design, molecular junctions can expose thermoelectric con-
version efficiencies which are close to the Carnot limit. This insight allows to provide
design rules for optimized thermoelectric efficiency.
I. INTRODUCTION
Thermoelectric transport i.e. the unified consideration
of heat and charge transport bears intrinsic correlations.
The most famous among them is the Wiedemann-Franz
law [1], which connects heat conductivity and electrical
conductivity in linear response, not only in the ohmic
regime but also in nanoscale metallic junctions [2]. At
functional interfaces with a sharp voltage and tempera-
ture drop (V ,∆T = TH−TC) and nonlinear transmission
function τ(E) however, it looses validity. There, opti-
mum thermoelectric power conversion of the electronic
system is achieved for Dirac-delta like τ(E) [3]. This
picture has been refined: in the presence of finite heat
conductance by other channels (e.g. phonons, photons),
boxcar functions promise maximum efficiency at finite
power [4].
Here, we focus on the resonant tunneling regime [5],
which provides a good description for charge transport
through quantum dots and, in particular, molecular junc-
tions. A recent summary on thermoelectricity in molec-
ular junctions is given in [6, 7]. There, the junction con-
ductance G ranged from 10−5.. 100 G0 (with the con-
ductance quantum G0) and corresponding Seebeck co-
efficients S =−Vth/∆T (also termed thermopower, with
thermovoltage Vth) are typically below 30 µV/K. This is,
as it will turn out in this paper, a rather low value. When
in addition electrostatic gates are present, parameter sets
could be tuned to provide higher S [8, 9]. We present ex-
periments on resonant tunnel junctions / molecular junc-
tions and theory that relate G and S and address the
question whether correlations and/or design rules can be
recognized.
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The recent development of squeezable nanojunctions
(SNJ)[10] gives access to such phenomena in the reso-
nant tunneling regime with either unspecified (contam-
ination induced) junctions, metallic nanoparticle junc-
tions and/or molecular tunnel junctions, in a broad range
(10−4.. 100 G0). With this technique S and G can imme-
diately be compared. These two quantities can be con-
sidered as one datapair on the very same atomistic struc-
ture because of the outstanding stability of the junctions.
Hence, correlations between G and S can be extracted.
II. EXPERIMENTAL OBSERVATIONS
We measure individual I(V ) curves during stepwise
opening and closing cycles. dI/dV curves underlying one
closing cycle of a metallic junction are depicted in FIG.
1 (a). From these data G can be derived, yielding closing
curves similar to previous nanojunction experiments. In
addition, S is recorded stepwise such that each G−S pair
can immediately be related. An individual dataset con-
sists of I(V ) and S. About 20000 of such datasets (20-30
opening/closing cycles) are considered as an ensemble.
FIG. 1 (c) shows the full ensemble of G−S datapairs,
each of which is represented as a red dot.
The left and right column in FIG. 1. show data
recorded in two independent experiments, representing
the full range of phenomena that we observe. We first de-
scribe pure gold samples under high vacuum conditions
(FIG.1. (a),(c)). dI/dV curves are pretty much constant,
the Seebeck coefficient for G > G0 i.e. in the metal-
lic regime is below 10 µVK , the overall observations are
in full agreement with previous measurements including
step wise reduction of conductance, pronounced plateaus
at G = G0 [5, 11] and Seebeck coefficients as described
by [12, 13]. Below G0 i.e. in the tunneling regime we
find slightly enhanced thermopowers that scatter around
+1 µVK with a standard deviation of 6
µV
K . Below 10−4G0
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FIG. 1. Electric and thermoelectric characterization.
(a) and (b) show dI/dV curves (color coded), conductances
G and Seebeck coefficients S measured during selected closing
cycles for (a) a bare gold-gold junction and (b) a junction with
molecules (see SI) applied to the electrodes. dI/dV values
were normalized for better visibility of the curve shape. (c)
and (d) show correlations of S and G using the data of the
whole ensembles enclosing 21 (27) opening and closing cycles.
Green dots correspond to the data in (a), (b). Orange dots
mark a sub-ensemble with high conversion efficiency. Gray
lines are eye guides which separate G−S pairs from exclusion
areas.
deviations due to experimental artifacts were observed,
more precisely a voltage that results from finite offset-
currents of the voltage amplifier, which cannot fully be
compensated for. From the measurement we can derive
that it is 1 pA for our setup.
The right column in FIG. 1 shows data obtained with
intentionally added molecules (also FIG. S1 (a)). FIG.1
(b) shows data of a selected closing curve with resonances
shifting through the fermi level. Direct evidence is given
by peaks in dI/dV at zero Voltage [10]. Additionally,
closing curves of both G and S are shown. Note that
highly structured dI/dV coincide with high values for S.
The corresponding G−S data of the full ensemble are
displayed in (d). For this (near) resonant tunneling case,
a qualitatively different picture is found: the Seebeck
coefficient covers a wide span of values up to and even
beyond 200 µV/K. This is more than an order of magni-
tude larger than in the (flat) tunneling regime. It should
be mentioned that no further selection or filtering was ap-
plied. The data explore large areas of the G−S manifold
like if there was no correlation. However, there are clear
exclusion areas, the boundaries of which are indicated
by gray solid lines as guide to the eyes. They are kept
identical in all G−S plots throughout this manuscript.
We emphasize two unexpected findings uncovered by this
plot: first, the Seebeck coefficients in the resonant tun-
neling regime are significantly higher than reported in
earlier ungated single-molecule studies [6, 7]. Second, S
is limited by boundaries. As it turned out later, very
similar findings could be obtained by nanoparticle [14]
junctions and unspecified contamination states (FIG. S1
(b),(d)).
FIG.1. (c) and (d) represent two limiting cases of our
observed ensembles: whereas in FIG.1. (c) (pure gold)
the data accumulate close to the S= 0 axis, the data in (f)
(with molecules providing resonant tunneling behavior)
show a broader spread of S values. Further experiments
delivered ensembles that were bouncing in between both
cases or did not fill the full accessible part of the G−
S manifold, presumably because of incomplete sampling
within the finite measurement time. More data can be
seen in SI. While we focus on the ensembles, a plethora
of individual I(V ) characteristics is not considered here
in detail, but are available as raw data in [15]
III. THEORETICAL ANALYSIS
The experimental findings are discussed in the frame-
work of the resonant tunneling model within the Lan-
dauer transport picture [2, 5, 6]. We choose a Lorentz-
shaped transmission function
τ(E) = 4Γ
2
(E−E0)2 + 4Γ2 (1)
at energy E0 and width Γ. The latter reflects broaden-
ing due to coupling to the leads, which we assume to be
symmetric for simplicity. In this picture G and S are
calculated as
G= 2e
2
h
∫
− ∂f
∂E
(
TH +TC
2 ,E
)
τ(E)dE, (2)
S = 1
G
−2e
h
∫
[f(TH ,E)−f(TC ,E)]τ(E)dE. (3)
We sample the parameter space by varying E0 and Γ
for fixed TH and TC . We choose a representation of S
vs. log(G), motivated by the experiment. The result is
shown in FIG.2. where we choose ten different trajecto-
ries of constant Γ (logarithmically equidistant) and vary
E0, the latter can be recognized by its color code. The
trajectories have a rounded arrow-head shape. We start
the discussion with the case E0 =EF = 0 (resonant case,
1© in FIG.2.(b)), at which the fully symmetric Fermi dis-
tribution of electrons along with the symmetric transmis-
sion function of the level results in zero thermopower.
When however lifting E0 above the Fermi-energy, such
that the Lorentz resonance is still within the thermal win-
dow (near-resonant case 2©, 3©), the Seebeck coefficient
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FIG. 2. Conductance and Seebeck coefficient in the
resonant level model. (a) Seebeck coefficients and con-
ductances calculated within the resonant level model. The
trajectories a-j are curves of constant Γ, varied logarithmi-
cally from 10kBT to 3 · 10−3 kBT . Within each trajectory
the position of the energy level E0 was varied in equidistant
steps indicated by the color scale. The gray lines are the very
same eye guides as in FIG.1. which mark the boundaries to
the excluded area. (b) Transmission functions τ(E) along the
trajectory with Γ = 1.1 ·10−1 kBT . The labels 1-7 correspond
to the labels in (a)
rises with E0 and reaches remarkably high values, fully
compatible with the experimental values. Beyond posi-
tion 4©, when the Lorentz resonance moves far out of the
thermal window S decreases again (off-resonant case 5©-
7©). In this limit the quadratic roll-off of the Lorentzian
gives the dominant contribution in Eq. (3). This overall
behavior is fully symmetric for positive and negative E0.
Sampling the full E0, Γ parameter space, the exclusion
areas observed in experiments are recovered without any
further assumptions. The boundaries are formed by two
enveloping lines which are identical with the gray lines in
FIG.1. A closer look reveals, however, that the envelope
is slightly curved, the gray straight line is therefore rather
a guide to the eye. Notably any G−S data pair between
the envelopes can be generated. This finding is robust
when the assumption of symmetric coupling to the left
and right electrode is lifted: then the overall pattern is
shifted towards lower conductances (the exclusion area is
maintained). Similarly when in a simple gedanken exper-
iment two near-resonant tunneling paths in parallel form
the junction, S is the same as for a single one, but the
conductance G is doubled. This would then enter into
the excluded area, which would, however, be barely vis-
ible on the logarithmic scale. We conclude that, despite
its simplicity, the single resonant level model is suited to
describe the experimental correlations between S and G.
The shape of the chosen trajectories in FIG.2. is not
purely artificial.As an anecdotic example we highlighted
one trajectory in FIG.1(d) in green color, which corre-
sponds to the closing curves in (b). In the range of
VPiezo = 28.. 31 V the energetic position of the reso-
nance moves towards the Fermi-Energy accompanied by
G increasing from 10−3..10−1 G0 and S varying between
−200.. 0 µV/K. This may be explained by the contin-
uous evolution of the all-important local environment of
the molecule (electrostatic, strain, shape [9, 16]).In any
case high Seebeck coefficients coincide with near-resonant
features in the dI/dV .
IV. IMPLICATIONS
Having a suitable model at hand that describes essen-
tial aspects of thermoelectrical transport through near-
resonant tunneling states, we further study properties
and implications of this model. The Seebeck coefficient
is often considered to be proportional to temperature T
(Mott formula). In the model under investigation this is
recovered only in the off-resonant case. When however
the resonance is closer to the Fermi level (near-resonant
case), where τ(E) is strongly curved, the Mott assump-
tions are not fulfilled. S can then be strongly nonlinear in
T (it remains, however, a linear response to ∆T ). Fur-
ther the Wiedemann-Franz law can be rediscovered in
selected areas of the G−S pattern: It is valid in the off-
resonant case (position 7© and beyond), where both τ(E)
and ∂τ(E)/∂E are essentially constant at E =EF . Next
to the envelope 3©, the Wiedemann-Franz ratio delivers
the Lorentz number (see SI).
Notably, the G− S envelope remains untouched by
variations of T . This can be understood by regarding the
scaling behavior of the three energy scales kBT , E0, Γ.
Upon multiplication of all three quantities with a com-
mon constant factor, the resulting G and S values are
untouched, as well as the G−S pattern, underscoring
the generality of the concept.
Next to large Seebeck coefficients and their boundaries,
the heat conversion efficiency is of fundamental interest.
It quantifies how much electrical power Pel can be gener-
ated with respect to the invested heat flux Q˙in necessary
to maintain TH :
η(V ) = Pel(V )
Q˙in(V )
= −V · I(V )
Q˙in(V )
(4)
in the bounds 0< V < Vth with
I(V ) = −2e
h
∫
[fH(E+
eV
2 )−fC(E−
eV
2 )]τ(E)dE, (5)
Q˙in(V ) =
2
h
∫
(E+ eV2 )[fH(E+
eV
2 )−fC(E−
eV
2 )]τ(E)dE.
(6)
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FIG. 3. Heat conversion efficiency of the electronic system. Heat conversion efficiency η of the electronic system
calculated with respect to Carnot-efficiency ηC . (a) and (b) are calculated within the resonant level model. In (a) the off-
resonant regime is in the foreground whereas in (b) the near-resonant regime is visible. (c) rectangular transmission function
for comparison. Note that here also the excluded area differs.
Here, the voltage is assumed to drop symmetrically
across the junction i.e. the electrochemical potential of
the hot lead is assumed to be lowered by eV2 and vice
versa for the cold lead. As Q˙ is not available in our
experiment, we choose to calculate it from the very same
transmission function. A similar procedure has been used
by [17, 18] for quantum dots (energy scales 100 times
smaller).
The maximum efficiency for given τ(E) is then calcu-
lated by numerically maximizing η with respect to V .
We normalize the efficiencies with respect to the Carnot
efficiency ηC = TH−TCTH that is the highest possible effi-
ciency in accordance with the second law of thermody-
namics. FIG.3 (a) and (b) show color-coded numerical
results, separately plotted for parameter regions corre-
sponding to the off-resonant and the near-resonant case,
respectively. It becomes immediately visible that efficien-
cies close to the Carnot limit (red color) are only possi-
ble in the near-resonant case. There the transmission is
dominated by a delta-peak like τ(E), meaning that the
integrands in equations (5) and (6) are evaluated only at
E0 [3, 4]. The envelope has again special features: here,
the efficiency is 0.5 ηC when being sufficiently distant
from the arrow head tip. Such astonishingly high effi-
ciencies were reached by our experiments.Notably these
values appeared without targeted design of the molecule,
and even in unspecified contamination states. For a bet-
ter classification, we compare the G−S plot for resonant
junctions with boxcar transmission profiles that are the
profiles that are expected to be best in efficiencies [4], cf.
FIG.3 (c). Indeed high efficiencies can be found at sig-
nificantly higher conductance values which is favorable
for thermoelectric heat conversion at high power output.
Remarkable is, though the very similar over all pattern,
even if the boundaries are shifted outwards. This under-
scores that the sharper the transmission function is, the
better the efficiencies can be expected.
However, further contributions should be considered
that reduce this efficiency: (i) an electronic contribution
with flat τ(E) [10] that provides an offset conduction
Goff , enclosing unspecified spectrally broad tunneling
channels (electronic background transparency) and (ii) a
vibrational heat conductance Gth,vib in addition to the
electronic heat conduction. Both do not contribute to
thermovoltage. The electronic terms are accessible by
analyzing the full data set including I(V ) out of which
we can determine E0, Γ, α and Goff (see SI, [10, 19]).
Evaluating a subensemble (orange dots in FIG.1. (d)),
we find ηres = 0.5 ηC for the resonance-only case which
leads to a thermoelectric figure of merit ZTres≈ 8. When
Goff is included, it reduces to ηel = 0.3 ηC , (ZTel ≈
2.5). We have no value for this particular molecule,
but introduce the only experimentally determined value
of vibrational heat conductance (measured with alkane
molecules): Gth,vib ≈ 20pWK [20, 21] which finally leads
to ηrealistic = 0.1 ηC (ZTrealistic ≈ 0.5). These values are
competitive compared to recent ZT record values [22–25].
On the first sight, an optimization of efficiency would
reduce Gth,vib and keep the electronic system untouched.
Our model, however, gives access to further potential op-
timization: for a given Gth,loss (including Gth,vib and
the thermal loss due to Goff ), we search for parameters
E0, Γ such that the efficiency is optimized. The numeri-
cal results are displayed in FIG.4. In (a), the optimized
η is plotted both for the resonant tunneling model (blue)
and a rectangular transmission window as a function of
Gth,loss in a broad range. Along with the results for the
resonant level model we evaluated a hypothetical system
with boxcar-type τ(E) which has shown to be the theo-
retically most efficient transmission function.
Hence, improvements targeting high efficiency inter-
faces should first ensure near-resonant electronic condi-
tions, more explicitly E0 ≈ 2.5 kBT and Γ ≈ 0.5 kBT .
Favorable is, of course, the design of low heat conduc-
tance. In case Gth,loss drops below 10−9WK (at 300 K),
Γ should be matched accordingly. Due to our numerical
analysis this complicated design challenge becomes now
better tractable: we lay down optimized parameters in a
look-up table, see table S2.
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FIG. 4. Efficiencies with optimized transmission func-
tions. (a) Optimal values of the thermoelectric conversion
efficiency for rectangular and Lorentz shaped transmission
functions, plotted as a function of Gth,loss. (b) The under-
lying optimized transmission functions.This plot is tempera-
ture invariant when choosing units of kBT and the (electrical)
thermal conductance quantum [26] Gth,0 =
2pi2k2BT
3h (left and
lower scale). The right and upper scale denominate values at
room temperature (T=300K).
V. CONCLUSIONS
We present an experiment that is able to immediately
compare measured Seebeck coefficients S with the con-
ductanceG of resonant tunnel junctions, including single-
molecule junctions. Having sampled a large parameter
space of the resonant tunnel model both in theory and ex-
periment we have explored correlations between G and S.
It is demonstrated that I(V ) and Seebeck coefficients can
be invoked to determine thermoelectric efficiency. We
provide design rules for optimized efficiencies which are
indeed remarkably close to the Carnot limit.
VI. METHODS
The SNJ consists of two silicon carbide (SiC) chips in
a sandwich configuration see FIG.5. By a piezo/spring
mechanism they are compressed such that the distance
at the touching point is controlled with extremely high
stability and resolution ([10]). The excellent heat con-
ductivity of SiC guarantees that both entire chips have
a defined temperature, which is explicitly measured and
contributes ∆T . By adding two lithographically defined
gold electrodes also the electrical potentials can be con-
trolled. Hence, each electrode is a thermal as well as
electrical reservoir, between which nanojunctions can be
established. The electrical measurement is described in
[10]. G is determined from a linear fit to the I(V ) in the
voltage window -100... 100 mV. S is derived by measur-
(a) (b)
(d)
(c)
V
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FIG. 5. Scheme of the squeezable nanojunction (SNJ).
Two SiC chips with electrodes are placed in a sandwich con-
figuration. The ultra-stable distance between the electrodes
is adjusted via a piezo-spring mechanism. Chip temperatures
TH and TC are monitored via on-chip resistance thermometry.
ing the thermovoltage Vth and an explicit measurement
of TH and TC on the two SiC chips. Data acquisition
in FIG.1.(d) follows the same protocol as in (c) but this
time molecules were dropcasted on the electrodes prior
to cooling down. These data occurred after "activating"
the junction which means that several I(V) sweeps in a
voltage window of ±800 mV were performed. The con-
ductance measurement was performed again in the -100..
100 mV window.
SUPPLEMENTAL INFORMATION
See Supplemental Information for extended data, cal-
culations on the Wiedemann-Franz law, description of fit
routine, a look-up table as a different representation of
FIG. 4
The full raw data underlying all figures in the main
manuscript and SI are availible under [15].
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